Non-covalent functionalization based on surfactants has become one of the most common methods for dispersing of single-walled carbon nanotubes (SWCNTs). Previously, efforts have mainly been focused on experimenting with different surfactant systems, varying their concentrations and solvents. However sonication plays a very important role during the surfactant-based dispersion process for SWCNTs. The sonication treatment enables the surfactant molecules to adsorb onto the surface of SWCNTs by overcoming the interactions induced by the hydrophobic, electrostatic and van der Waals forces. This work describes a systematic study of the influence of the sonication power and time on the dispersion of SWCNTs. UV-vis-NIR absorption spectra is used to analyze and to evaluate the dispersion of SWCNTs in an aqueous solution of 1 w/v% sodium deoxycholate (DOC) showing that the resonant and nonresonant background absorption strongly depends on the sonication conditions. Furthermore, the diameter and length of SWCNTs under different sonication parameters are investigated using atomic force microscopy (AFM).
Introduction
Carbon nanotubes (CNTs) have proven to be one of the most promising one-dimensional materials in the field of nanoelectronics due to their remarkable mechanical, optical and electronic properties [1] [2] [3] . However, many potential applications have been hampered by the intrinsic property that CNTs are insoluble in most common solvents and their tendency towards bundling together [4] [5] [6] . In particular, synthesized single-walled carbon nanotubes (SWCNTs) show extremely strong interactions resulting from their high polarizability, electrostatic attraction and van der Waals forces [6] [7] [8] . In order to overcome these interactions, sidewall functionalization of SWCNTs has become a universal strategy to disperse them into a solution [9] [10] .
The two main methods developed to functionalize SWCNTs are categorized as either covalent or non-covalent functionalization [11] [12] [13] . The biggest advantage of covalent functionalization is that it allows for a high solubility of SWCNTs in most solvents [12, 14] .
SWCNT dispersions with concentrations as high as 10 mg/ml have been produced [15] [16] . However, the interaction between the p bonds and the functional groups such as carboxyl groups (-COOH) and amino-groups (-NH 2 ), damage the p system of SWCNTs and thereby weaken or alter their intrinsic electronic properties [15] . In contrast to the covalent functionalization, the non-covalent functionalization of SWCNTs has shown many benefits [4] . First of all, the interaction between the SWCNTs and the agent molecules does not destroy the intrinsic electronic properties of SWCNTs. Moreover, the surfactant-based functionalization facilitates modification of the buoyant density of SWCNTs in terms of their diameters or electronic properties [17] . Thus it is possible to sort these SWCNTs using density gradient ultracentrifugation (DGU) [18] [19] [20] . The dispersion mechanism has been explored and results indicate that the adsorption of surfactants on the surface of SWCNTs forms stronger p-p stacking interactions than those between the SWCNTs [21] . For the non-covalent functionalization of SWCNTs, the useful agents include surfactants, polymers, as well as biomolecules such as DNA [5, [22] [23] [24] [25] . The most common surfactants can be divided into three types on the basis of their polarization: anionic, cationic and non-ionic surfactants. In particular, sodium deoxycholate (DOC) has proven to be one of the most suitable surfactants [14] . This is due to the fact that the p-p stacking interaction between phenyl rings and the surface of SWCNTs is much stronger than that of other groups. So far, lots of effort has been focused on the study of the properties of surfactants with a 0301-0104/$ -see front matter Ó 2012 Published by Elsevier B.V. http://dx.doi.org/10.1016/j.chemphys.2012.08.020 variety of concentrations [11, 14, 25] . Moreover, molecular dynamic simulations have also been applied to investigate the basic interactions between the SWCNTs, surfactant and water molecules [13] .
It should be noted that the sonication technique plays an important role in transferring the SWCNTs from a solid powder into a solution. Sonication has been adopted as a universal procedure for the dispersion of SWCNTs. However, the differences in sonication conditions adopted will strongly influence the quality of the resulting dispersion of SWCNTs [4, 6, 11] . In principle, sonication can be understood as a mechanical process, in which the energy induced by the liquid vibrating at a high frequency enables SWCNTs to overcome their interaction. In such a process, the surfactant molecules adsorb onto the sidewall of SWCNTs. Part of the SWCNTs break away from the bundles and thus the size of the SWCNT bundles can be reduced. After sufficient time, the solution is composed of individual SWCNTs and small-diameter SWCNT bundles.
This work focuses on analyzing the dispersing behavior of SWCNTs via the systematic optimization of sonication conditions. The main parameters for sonication include the power and the running time. The effect of different sonication tips is also discussed.
Results from UV-vis-NIR absorption spectra and atomic force microscopy (AFM) analysis are also presented in this paper, which includes the debundling degree and the dispersion quality, as well as the diameter and length of the individual nanotubes and bundled nanotubes.
Experimental section
In this work, SWCNTs produced by the cobalt-molybdenum catalyst (CoMoCat) method (Southwest Nanotechnologies), were dispersed in DI-water containing 1 w/v% of DOC (Sigma-Aldrich) using a tip sonicator (HD 3210, Bandelin GmbH). Sonication was carried out using a tip with a diameter of 3 mm (MS 73, Bandelin GmbH), which can transducer a maximum power of 120 W at a frequency of 20 kHz. The tip was immersed into the solution to a depth of about 25 mm. In particular, an ice-water bath was used to prevent water boiling and evaporation. The process was as follows: First, six samples with a volume of 50 ml and an initial SWCNT concentration of 0.025 w/v% were dispersed at powers ranging from 20 to 120 W [14] . The sonication was carried out for periods ranging from 10 to 120 min in intervals of 10 min. After each interval, 1.5 mL of solution ($3% of the initial volume) was extracted. After that, the solutions were centrifuged for 2 h using an angle rotor under a centrifugal force of 50,000 g (Rotor No. 12110, Sigma 3-30 K). Finally, the supernatant (upper 60% of the volume) in the centrifuge tubes were collected. These optical absorption spectra of these samples were investigated (Lambda 900 spectrophotometer, PerkinElmer, Inc.). The measurements were performed using a quartz cuvette. Spectra were acquired in the wavelength range from 320 to 1350 nm, in steps of 1 nm.
Furthermore, an AFM was used to characterize the diameter and length of SWCNTs (Dimension 3100, Veeco Instruments Inc.). For a typical measurement, the AFM tapping mode was used in order to obtain high-resolution images of SWCNTs. To prepare the AFM samples, silicon substrates covered with a layer of 100 nm silicon dioxide were first immersed in 2.5 mM 3-aminopropyltriethoxysilane (APTES, Sigma-Aldrich) for half an hour [26] . The substrate was dried using nitrogen gas. Next, using a pipette, 5 ll of SWCNT solution was placed on the substrate. The droplet was dried in air for 10 min and any remaining solution was blown away using the nitrogen gas. The substrates were then rinsed gently in DI-water for 15 min. After that, the residual DI-water was removed using the nitrogen gas. Finally, the substrate was heated at 200°C for 2 h to evaporate the water molecules and the residual surfactants.
Results and discussion
UV-vis-NIR absorption spectra of CoMoCat SWCNTs dispersed in a 1 w/v% DOC solution at various sonication parameters are shown in Fig. 1 . In order to increase the accuracy in the analysis of the absorption spectra of the CoMoCat SWCNTs, the optical absorption induced by the 1 w/v% aqueous DOC solution has been subtracted. For semiconducting SWCNTs, there are two main peaks known as the S 11 and S 22 transitions [27] . The S 11 and S 22 peaks are centered at 976 nm and 551 nm, respectively, and are related to semiconducting (6, 5) SWCNTs [27] [28] . Fig. 1 , A and B illustrate that the optical absorption strongly depends on the sonication power and the sonication time. In particular, sonication powers of 80 W and higher led to a significant enhancement of the magnitude of these peaks. Due to the initial concentration of the SWCNTs was the same for all these samples, changes should mainly be caused by the various sonication conditions and the centrifugation afterwards. It can be expected that almost all amorphous carbon and catalyst impurities have been removed from the solution in accordance with the fact that these impurities have a much higher mass density than the solution. Moreover, SWCNT bundles with a size greater than a threshold were also removed from the solution. The threshold depends on the SWCNT species (n, m), the centrifuge tube and the centrifugal force. It is reasonable to assume that the individual SWCNTs were not removed from the solution. Therefore, these spectra changes can be attributed to the increase in the concentration of the individual SWCNTs and the small-diameter SWCNT bundles in the solution. This implies that more SWCNTs have been transferred from the larger-diameter bundles into the smaller-diameter bundles and individual nanotubes after intense sonication was applied.
The typical absorption spectra are composed of the resonant absorption peaks and the nonresonant background, which reflects the concentration of SWCNTs, the degree of nanotube debundling and the nanotube lengths [29] . As shown in Fig. 2 , we define the resonant absorption area (A R ), the nonresonant background area (A NR ) and the maximum absorption intensity (I MAX ). In general, the solution of SWCNTs includes a variety of (n, m) species, which can lead to absorption peaks at different wavelengths. To evaluate the dispersion quality, only several peaks with high intensities were needed. With respect to the overall absorption spectra, features of (6, 5) SWCNTs were picked up and discussed in detail. In contrast to the S 22 peak, the S 11 displays a higher intensity associated with the concentration of SWCNTs and thereby the S 11 peak was subsequently analyzed. Besides, there are another two absorption peaks for (9, 1) and (7, 5) SWCNTs, which can be seen at 915 nm and 1026 nm, respectively [28, 30] . As a result, the aggregation of specific spectra features led to the broadening of the absorption peaks [30] [31] .
In this case, the peak group of S 11 (centered at $1000 nm) was used as an approximation to analyze the absorption spectra. Thus the difference in absorption spectra induced by the various sonication conditions can be quantified through the I MAX -to-FWHM ratio, A R and A R /A NR ratio. For a given absorption spectrum of SWCNTs, it has been shown that well-resolved features mean the fraction of individual SWCNTs is higher [29] . The I MAX -to-FWHM ratio has been proven to be related to the degree of SWCNT debundling and aggregation, which is used to evaluate the purity of SWCNT samples [31] [32] . As shown in Fig. 3 , we use the I MAX -to-FWHM ratio to identify the dispersion state of SWCNTs in 1 w/v% DOC solution.
An increase in this ratio as a function of the sonication time can be attributed to an improvement in the degree of debundling of the SWCNTs. The increase in sonication time caused a sharpening of the optical absorption peaks and thus enhanced the resolution of the spectra from the different SWCNT species. Similarly, the increase in sonication power shows the trend towards reducing of the amount of SWCNT bundles for a given sonication time. Interestingly, for applied sonication powers from 20 and 40 W, the I MAXto-FWHM ratio appears to be proportional to the sonication time. This illustrates that the solution mostly contained bundles of 
Table 1
The effects of SWCNT parameters on the optical absorption spectra.
Resonant Absorption Background
Long ? Short ; / Bundle ? Individual " " ⁄ Low Con. ? High Con.
" " ⁄ Low C: means low concentration of SWCNTs; High C: means high concentration of SWCNTs.
SWCNTs. In contrast, when the power was varied from 60 to 120 W, the I MAX -to-FWHM ratio shows an exponential dependence on the sonication time. For sonication powers greater than 80 W, the trend in the I MAX -to-FWHM ratio appears to be reaching a maximum value with increasing the sonication time. This can be explained because the resolution of the absorption peaks from different (n, m) of SWCNTs improved continuously until the bundles were totally dispersed. Fig. 4 , A and B show the three-dimensional (3-D) mappings of the A R and the A R /A NR ratio as a function of the sonication power and the time duration, respectively. The resonant optical absorption depends on the concentration and the average length of isolated SWCNTs, and thus can be used to characterize the degree of debundling of the SWCNTs in the solution [25, 29, 33] . The initial concentration of SWCNTs was the same, therefore the changes are due to the various sonication parameters. The dispersion of SWCNTs during sonication can be described as two processes of debundling and shortening. First, it appears that the debundling dominates the dispersion of the SWCNTs. In this case, the size of the SWCNT bundles decreased remarkably and the isolated SWCNTs increased gradually. After that, the debundling appears not to be predominant and there are more individual nanotubes than small-diameter bundles. Eventually, the shortening process dominates the dispersion of the SWCNTs. As can be seen in Fig. 4A , A R shows an approximately exponential dependence on the sonication time for a given power. It can be inferred that the A R reaches the maximum value with the increase in sonication time. The effect of sonication power shows the same trend for a given sonication time. However, for a lower sonication power, it appears to be difficult to obtain good dispersion of SWCNTs. This is because the low mechanical energy produced by the tip or bath sonicator cannot overcome the interaction of small-sized nanotube bundles.
Nevertheless, it should also be noted that the well-dispersed SWCNT solution still contains a few small-diameter bundles. To investigate the debundling state of the SWCNTs, we compare the A R /A NR ratio of spectra from samples prepared under the various sonication conditions. We first consider the nonresonant background induced by the SWCNTs and other contaminants. Amorphous carbon and catalysts, as well as large-diameter bundles of SWCNTs, have been removed from the solution. Therefore, the nonresonant background mainly depends on the small-diameter SWCNT bundles and the individual SWCNTs. A previous study showed that a change in the length of the SWCNTs does not affect the nonresonant background [31] . In contrast, the resonant absorption shows a strong dependence on the length of the SWCNTs. The long individual SWCNTs can contribute to the high optical absorption intensity [33] . The relative effects of the length, degree of debundling and the concentration of SWCNTs on the resonant absorption and the nonresonant backgroundis shown in Table 1 .
As can be seen in Fig. 4B , the ratio goes up to a maximum and then declines with the sonication time for the given powers of 80, 100 and 120 W. It reflects the variation in SWCNT size during the different dispersing phases. We suggest that most of SWCNT bundles have been separated into the individual SWCNTs when the ratio reaches its maximum. For the lower sonication power, it shows that the solution contains large numbers of SWCNT bundles. These bundles contribute to weaken the absorption intensity. To investigate the effect of centrifugation on the absorption spectra of the SWCNTs, we compare the spectra before and after 2 h of centrifugation. Fig. 5A shows that the centrifugation has an important influence on the background, which can be attributed to the removal of the amorphous carbon, catalyst impurities and largediameter bundles from the SWCNT solution. By contrast, the changes in the optical absorption are not obvious, which indicates that the amorphous carbon has no contribution to the optical absorption measurement. Fig. 5B shows the differences in the optical absorption before and after centrifugation.
The excess background rises obviously with the increase in the sonication power, which results from the decreased size of the amorphous carbon. In particular, the S 11 and S 22 peaks can be seen for the sonication powers at 20, 40 and 60 W, which are related to the large-diameter bundles removed from the solution during centrifugation. This reveals that the SWCNTs have not been dispersed adequately. Comparing the 40 W results with the 20 W data, the Fig. 5 . UV-vis-NIR absorption spectra before and after centrifugation (A). Subtracted absorption induced by the amorphous carbon, catalyst impurities and large-diameter bundles (B). The inset shows the subtracted absorption intensity of the S 11 peaks resulting from the various sonication powers. Fig. 6 . Comparison of the absorption spectra for the SWCNT solution dispersed using 3-mm and 6-mm sonication tips. amount of SWCNT bundles that is removed is low. The loss of absorption intensity is due to their smaller sizes. This proves that decreasing size of the SWCNT bundles results in increasing the optical absorption. Moreover, tiny red shifts of $6 nm can be seen with the increase insonication power. This denotes that different (n, m) of the SWCNTs are sufficiently separated in the well-dispersed solution under the higher sonication power. And most of the larger diameter SWCNTs congregated towards the bottom of centrifuge tube due to the higher sedimentation rate.
To investigate whether the sonication tip has an influence on the dispersion of the SWCNTs, we used a 6 mm tip (KE 76) to repeat the dispersion. The test procedure is the same as the one described in Section 2. As illustrated in Fig. 6 , the optical absorption spectra resulted from the 6 mm of tip is much higher than that from the 3 mm of tip, under the same sonication powers. This suggests that the same sonication power may result in difference in dispersion of SWCNTs. It is because the larger diameter tip has a larger contact area with the liquid which can transfer more energy and enable the SWCNTs to overcome their interaction with each other.
For characterizing the diameter and length of the samples, AFM measurements were carried out, as shown in Fig. 7 . In particular, the diameter refers to the height of the individual nanotube or bundled nanotubes, which were measured from AFM images at different heights. Here we compare four samples of CoMoCat SWCNTs dispersed with different sonication times of 30, 60, 90 and 120 min at 120 W of sonication power using the 3-mm sonication tip.
The statistics for the diameters and lengths of the individual or bundled nanotubes are shown in Fig. 8 . The differences in the distribution of nanotube diameters as a function of the sonication duration can be attributed to the strong dependence of the dispersion quality on the sonication process. In particular, the sonication led to a reduction of nanotube length and thereby resulted in dramatically decreasing the interaction between the SWCNTs. As a result, the distribution of nanotube lengths appears to be a function of the sonication time. Correspondingly, the influence of sonication power on nanotube diameter and length shows a similar tendency with time. It was found that most of the large-diameter bundles were removed from the solution after centrifugation.
Conclusion
In summary, we have investigated the dispersion of CoMoCat SWCNTs in a 1 w/v% DOC solution with a variety of sonication parameters. The results show that an aqueous solution of SWCNTs can be produced under each sonication parameter. However, the quality of the dispersion depends on the sonication time and power. Comparing to the sonification time, the sonication power is found to be the more influential parameter on the subsequent dispersion, showing that intense sonication is necessary for dispersing the smaller diameter CoMoCat SWCNTs. For a well-dispersed solution of SWCNTs, increasing the sonication time leads to a shortening of the SWCNT length. Ultracentrifugation is effective for removing large-diameter bundles from the SWCNT solution and for achieving a homogenous solution. The sonication tip with a larger diameter was discovered to perform better for dispersion of SWCNTs than the sonication tip with a smaller diameter.
